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Abstract. This paper elaborates on the analysis and simulation of 15 kW Wind Turbine Generator (WTG)
driving low speed Permanent Magnet Synchronous Generator (PMSG) using PSIM computer simulation
program. The system consists of wind turbine, permanent magnet generator, three-phase diode rectifier, boost
converter, and voltage source inverter models. In the WTG model, the best performance coefficient has been
determined according to the wind and rotational speed. The low speed PMSG has been used to eliminate gear-
box to achieve high efficiency. The ac power output from PMSG is fed to a three-phase diode bridge forward
by boost converter to effectively control the dc voltage level. The voltage source PWM inverter is used to
interface the system with the electrical utility. The modulation index of the PWM inverter has been controlled
to enhance the stability of the dc bus voltage. Simulation results show the superior stable control system and
high efficiency.
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List of Symbols
Pn: T : mechanical power and torque production from wind turbine, respectively.
P - air density (kg/m®).
R : radius of the swept area by the blades (m).
u : velocity of thewind (m/sec.).
Cp, C; : power and torque coefficients, respectively.
Om : angular velocity of the shaft (rad/sec.).
A : tip speed ratio of the WTG.
Viains Vaout - iNput and output dc voltage for the boost converter, respectively.
C : capacitance of the boost capacitor.
ViL : line to line voltage of PMSG.
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D : duty ratio of boost converter.

ton » Lost : ON and OFF periods of the boost converter, respectively.

AVy out : peak to peak ripple in the output dc voltage of boost converter.

l4 out > output dc current from boost converter.

fo, T : switching frequency of the PWM and boost converters, respectively.
Ts : switch period of the boost converter.

Vi, Vi : line voltages at the leg of PWM inverter and utility grid, respectively.
Vcomml : peak amplitude of the control signal.

\7tri : peak of thetriangular signal.

f

1
My, hy

: fundamental frequency or the frequency of control signal.
. height (m) of measurement and height of the hub of WTG,

respectively.

o : torque angle at the electric utility side.

Xs : synchronous reactance of the electric utility.

Veonv s Vs : phase voltages at the leg of PWM inverter and utility grid, respectively.

Introduction

As energy demands around the world increase, the need for renewabl e energy source that
will not harm the environment has been also increased. Some projections indicate that
the global energy demand will aimost triple by 2050. Qil can only supply the world for
up to 150 years [1]. Using wind energy is one way to meet the future need. So, it can be
said that the wind energy is the fuel of the future. Utilities have the flexibility to accept a
contribution of about 20% or more from wind energy systems and more than 50% fuel
savings from wind-diesel systems [2]. Hence, it is important to modify the performance
of the wind energy systems by modifying the design of mechanica and electrica
systems.

This paper plays a significant role in this concept, where the gear-box is replaced
by using high efficiency low speed PMSG as shown in Fig. 1. The regular WTG has an
induction generator that can rotate at a speed of 1000 to 1700 rpm for normal operation
and at reasonable efficiency. This means that a gear-box is needed between the turbine
and the induction generator because the regular speed of the WTG before the gear-box is
30-70 rpm. But, in using low-speed PMSG, the rotor rotates at the same speed as the
rotor of the turbine. The PMSG can be connected directly to the wind turbine, which
results in a simple mechanical system. However, in the tradition system the gear-box
adds to the weight, generates noise, demands regular maintenance and increases losses.
The maintenance of the gear-box system may be difficult, because the nacelle is located
a the top of the tower. Furthermore, there may also be problems with materias,
lubrication and bearing seals.
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Fig. 1. Modeling of wind turbine driving permanent magnet synchronous geﬁerator in PSIM program.

Many disadvantages can also be avoided in gearless WTG. The noise caused mainly
by a high rotationa speed can be reduced and also high overall efficiency and reliability
are achieved in addition to reduced weight and diminished need for maintenance.
However, the WTG can extract maximum power at different wind speeds. In the variable
speed operation, there is a reduction of the drive train noise, reduction in mechanical
stresses, and the increased energy capture.

The mechanical power and torque production from wind turbine is given by [3]:

21 2 3
Pm_ECPpTCR u (1)
T :%CTpﬂ R3u? 2
where:
Pn» T - mechanical power and torque production from wind turbine, respectively.
P : air density (kg/m?).
R . radius of the swept area by the blades (m).
u : velocity of the wind (m/sec).

Cp, C; : power and torque coefficients, respectively.

When wind speed changes, the angular velocity of the shaft, @, should be adjusted to
achieve the best value of C, . Thismeansthat @,, and the wind speed must somehow be
combined into a single variable so that the curve showing the relation between Cp and
@, can be drawn. Experiments show that this single variable is the ratio of the turbine
tip speed Ra,, to thewind speed u. Thistip speed ratio, A isdefined as[3]:
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5 Rom ()
u

where: , isthe angular velocity of the shaft (rad/sec.).

The relation between Cp, C; and A for different kinds of WTG is shown in Fig.
2 [4]. From Eq. (3), it is important to note that the value of power coefficient, Cp and
the torque coefficient, C; are functions of 1, and they are related by C; =Cp /4.

From Fig. 2, it is clear that there exists a point where the power coefficient is a
maximum. So, in the simulation for different values of wind speed, u, the rotational
speed, w,, should be controlled to operate close to A =3.8 (from curve name D in Fig.
2) by controlling active and reactive power delivered to the load. Controlling the duty

ratio of the boost converter and the modulation index of the PWM inverter can control
active and reactive load power as explained in the design example section.
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Fig. 2. Power coefficient, C, and torque coefficient C; versus A for different WTG [4].
System Components

The simulation of the system has been carried out by using PSIM computer
simulation program [5]. The block diagram of the system is shown in Fig. 1 where the
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system consists of wind speed data, WTG model (shown in Fig. 3), PMSG, three-phase
diode rectifier, boost converter, and three-phase PWM inverter. These components are
briefly explained in the following sections.

[, Mechanical

: A A shaft

Fig. 3. WTG model by using PSIM computer program.

Three-phase diode bridge rectifier

The diode rectifier is the most simple, cheap, and rugged topology used in power
electronic applications. The most disadvantage of this diode rectifier is its disability to
work in bi-directional power flow. The output dc voltage from three-phase diode bridge
rectifier can be obtained from Eq. (4) where the overlap due to the internal inductance of
PMSG isignored [6].

3v2 v, 4
Vd in = _
T
where:
Vgin - input dc voltage for the boost converter.
ViU : lineto line voltage of PMSG.

Step-up (boost) converter

Figure 4 shows a step-up (boost) converter and its control system. As the name
implies, the output voltage is always greater than the input voltage. In this model, the
boost converter has been controlled to yield constant output dc voltage level, Vy ,, by
varying the duty ratio, D in response to variations in Vy ;, . The relation between the

input and output voltage and currents of the boost converter is shown in the following
equations [6]:

Vd out 1 (5)
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I
dout _ (1-D)
Id,in
where:
Vd out : output dc voltage from the boost converter.
D : duty ratio of boost converter.
Id,in ’ Id,out

: input and output dc current from boost converter, respectively
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Fig. 4. Step-up dc-dc converter.

The required duty ratio, D as a function of Vy o, /Vy ;, in continuous mode is given by

the following equations:
5 1 Vain ()
Vd,out

The output dc voltage from the boost converter in terms of the input voltage and duty
ratio is shownin (8).

i (8)
Vdout = 77—~y

Figure 5 shows the steady state waveform of the inductor voltage and current in
continuous conduction mode, [i (t)>0]. The peak to peak ripple of the output dc
voltage, AVy o in continuous conduction mode is given by the following equation [6]:
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Id outD
AV =—
d,out C be
where;
C : capacitance of the boost capacitor.
o : switching frequency of boost converters.
VL
tb\\
Viin h,.
ton T, tOff Vd,in 'Vd,out

Fig. 5. The waveforms of boost converter.

Pulse width modulation

229

()

The first PWM scheme was proposed in 1964 [7]. Since then, there has been
intensive research on this topic. All the PWM schemes may be evaluated under a certain
switching frequency f, and the reference signal frequency ratio, and the input to output

voltage ratio, which is aso named as the modulation index, m, . The definition of the

modulation index, m, isgiven by:

m. = Vcontrol _ VLLC
= — o ===
Viri Vd.OUt

where:
Veonrol - PE8K value of the control signal.
\7tri : peak value of the triangular signal.

The frequency modulation ratio m; isdefined as:

mf =—

(10)

(11)
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where,
fs : switching frequency of the PWM inverter.
f : fundamental frequency.

It is always desirable to minimize the distortion of the output voltage and current of
the PWM inverter. This distortion increases with increasing the modulation index in the
over-modulation region (m, >1). In the linear region (m, <1.0), the fundamental-
frequency component in the output voltage varies linearly with the amplitude modulation
ratio, m, as shown in Eqg. (10). The line-to-line rms voltage at the fundamental

frequency at the legs of the PWM inverter, V| o can bewritten as[6]:

(12)
Vile = %( MaVd out )

Substituting Eg. (8) into Eq. (12) yields,

V3 Vyin
ViLc=my [m (13

In the over-modulation region compared to the linear region (m, <1.0), more
sideband harmonics appear around the frequencies of harmonics m; and its multiples.

So, careful analysis should ensure that m, does not exceed one to work in linear region

for better control performance and low harmonics in the output voltage and current.
Therefore, the power loss in the load due to the harmonic frequencies may not be as high
in the over-modulation region as the presence of additiona sideband harmonics would
suggest.

Design Example

The WTG used in the simulation program has a 4.9-meter radius, 15 kW, 3 blades,
66 rpm rotational speed, 380 V, three-phase PMSG system (see Appendix for details)
[8]. Sample of wind speed data of Elzafrana site in Egypt is introduced to the computer
program. The wind speed data was measured at about 10 m high. This requires an

equation which predicts the wind speed at hub height, u(hz) in terms of the measured
speed at measuring station height, u(h;). This can be obtained from the following
equation [3]:

u(hz) _ (h_z]m (14)
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where, hy, h, are heights in meters of measurement and the height of the hub of WTG,
respectively.

According to the wind speed and actual rotational speed, the tip speed ratio, 4 can
be calculated from Eq. (3). From the relation between tip speed ratio, A and C, shown

in Fig. 2 the value of C, can be obtained. From the power in the wind and C, the

mechanical power can be calculated from Eqg. (1). The mechanical power and the result
of multiplying output torque by the o, has to be compared. The error signal from this

comparison has to be fed to the armature of the dc motor via the boost converter to
control the torque. Also, the error signal between the actual rotational speed and the
optimum one (at A =3.8) is fed to the field winding of the dc generator via the boost
converter to control the shaft speed as shown in Fig. 3.

The mechanical power from the WTG model is fed to the PMSG. The output three-
phase voltage of the PMSG is the input for the three-phase diode bridge rectifier. There
is no control on the output voltage of the diode bridge rectifier so it can not be connected
directly to the PWM because the PWM inverter needs constant dc voltage. So, a
controllable dc/dc converter should be used. Depending on the dc output voltage
required from the dc/dc converter, boost or buck converter can be used. In this study, the
dc output voltage, Vy o is required to be higher than input dc voltage, Vyj,, so the

boost converter is used. By controlling the dc voltage to be constant by controlling the
duty cycle of the boost converter and the modulation index of the PWM inverter the
maximum available power from the wind can be extracted.

The main drawback of this system is the diode bridge and boost converter are
unidirectional power flow devices, so the PMSG has to work only in generator mode
which may affect the stability of the system at abnormal conditions. A high capacitance
of the dc link capacitor can remedy the effects of this drawback.

The active and reactive powers going to electrical utility are shown in the following
equations:

V¢*VCOHV*Sin8:|_|:V|_|_U*VLLC*§n8:| (15)

Py =3

2 16
Qo= Vg *Veony * €088 —Vony | _| Viry *Viue *€0s8 —Vii ¢ (16)
ou X s X s
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By substituting Eq. (13) into Eqg. (15) and Eq. (16), the active and reactive power can
be obtained in terms of modulation index of PWM inverter and the duty ratio of the
boost converter as shown in Egs. (17) and (18), respectively.

_ V3 My VyVipy *sing (17)
ot 2J2(1- D)X,
\/gmavd,in % \/§mavd,in
Qout = -7 o | VLLu ¥ 0088 ——=———
2J2(1-D)Xg 2J2(1-D) (18)
where;
o : torque angle at the electric utility side.
Xs : synchronous reactance of the electric utility.

Veon » Vs - phase voltages at the leg of PWM inverter and utility grid, respectively.

Itisclear from Egs. (17) and (18) that the active and reactive power can be controlled by
controlling the modulation index, m, of the PWM inverter and the duty ratio of the

boost converter.

Figure 6 shows the time variation of wind speed, u, rotational speed o, output
voltage of the diode bridge rectifier Vg, the output voltage of boost converter Vy o
the modulation index m,, the duty ratio D, active output power and P, reactive
output power Qg . Figure 7 shows the diode bridge line current of one phase, the

inductor current of boost converter, and the line current going to electric utility. Figure 8
shows the FFT components of diode bridge line current and €electrical utility line
currents.

It is clear from Fig. 6 and from Egs. (8) and (12) the proposed system effectively
controls the dc link voltage to be around the reference value (730 V). Controlling the dc
link voltage to be constant ensures the energy balance between the input and output
power.

The proposed system has the following commands:

If Vg out > 730 then; | Increase modulation index m, Decrease duty ratio D
If Vi our <730 then; Decrease modulation index m, Increase duty ratio D

It is clear from Fig. 8 that the output current from PMSG is highly distorted due to
the diode bridge rectifier. This distortion can be easily removed by using third harmonic
injection technique [9]. The utility line current has a near sinusoidal shape with very low
total harmonic distortion.
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Fig. 6. The time variationof u, N, Vg, Vyou, D, M., Py and Qg .
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Fig. 7. Diode bridge line current, boost inductor current, and electrical utility line currents.
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Fig. 8. FFT components of diode bridge line current, and electrical utility line currents.
Conclusion

Modeling and simulation results of a prototype variable speed sensor-less wind
energy system is analyzed in this paper. The proposed system does not have self
excitation capacitors or gear-box as those used with induction generators. The absence of
self excitation capacitors and gear-box trandates in reduction in cost, increasing in the
efficiency and weight reduction on the nacelle of the WTG. The proposed system utilizes
the maximum available power in the wind by forcing the WTG to rotate around the
maximum coefficient of performance. The controller is used to achieve the optimal
operation at constant dc voltage by controlling the modulation index of PWM inverter
and duty ratio of the boost converter to utilize completely the available wind power. The
proposed controller has a stable operation for different wind speed. The electrical utility
line currents have avery low THD because of the PWM inverter.
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Appendix
The data for dc motor and PMSG generator used in the simulation.
dc motor PMSG motor
Power 15kW Power 15 kw
Poles 4 Poles 80
Terminal voltage 200V Terminal voltage 480V
Rotational speed 75 rpm Rotational speed 75 rpm
Rated current 50A Rated current 25A
R, 0.05 Q R, 2.18Q2
I 4A Ly 0.0001 H

R¢ 75Q L 0.0001 H
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